Repair Replication: a Density-gradient Analysis of DNA from Cells Infected with
Mengovirus or Newcastle Disease Virus (Accepted I8 July I972)
Mammalian cells are able to repair damage to their DNA by a non-semiconservative mode of replication (repair replication, Rasmussen & Painter, i964, I966) . Mengovirus and Newcastle disease virus are two cytocidal RNA viruses that inhibit semiconservative DNA replication soon after infection (Ensminger & Tamm, I97oa) . Neither inhibits non-S phase or unscheduled DNA synthesis (Hand & Tamm, I970 , which probably represents a repair process (Painter & Cleaver, 1969) . We have now examined repair replication in cells infected with mengovirus or Newcastle disease virus using more direct methods of measurement. If damaged DNA is labelled during repair with [6H]-bromodeoxyuridine (BrdUrd), the repaired regions are too short to produce a shift in density of the DNA and thus sediment as DNA of normal density when analysed by isopycnic sedimentation in caesium chloride (Pettijohn & Hanawalt, I964; Cleaver, I969b) .
We wished to determine whether mengovirus or Newcastle disease virus damages DNA so as to stimulate repair replication and whether cells infected with either virus can perform repair replication when semiconservative DNA replication has been inhibited by infection. Since both viruses also inhibit protein synthesis (Ensminger & Tamm, I97oa) we performed, in addition, experiments in which we inhibited DNA synthesis with puromycin, a chemical inhibitor of protein synthesis.
The characteristics of mengovirus (small plaque variant, Amako & Dales, I967) and Newcastle disease virus (HICKMAN strain, Wheelock & Tamm, I96o) have been described. Density-gradient experiments were similar to those described by Cleaver 0969b, I97oa). Monolayers of HeLa cells in 60 mm Petri dishes were infected with mengovirus at an input multiplicity of 4o0 p.f.u./cell or with Newcastle disease virus at an input multiplicity of Iooo p.f.u./cell. After a I h adsorption period, the inoculum was replaced with reinforced Eagle's medium (Bablanian, Eggers & Tamm, I965) containing 5 ~ foetal calf serum. 5-Fluoro-2'-deoxyuridine (FdUrd, 2 x Io -8 M) and unlabelled BrdUrd (2 × IO-aM) were added to light-shielded cultures. The rate of semiconservative DNA synthesis is only minimally altered by blocking endogenous thymidylate synthesis with FdUrd and substituting BrdUrd for thymidine (Taylor, I968 ). The addition of unlabelled BrdUrd prior to incubation of the cultures with [6H]-BrdUrd assures that the tritium incorporated into semiconservatively replicated DNA will band at hybrid density and prevents the formation of semiconservatively replicated fragments containing small amounts of [ZH]-BrdUrd that would band near the region of normal density DNA (Painter & Cleaver, I967; Cleaver, 1969 b) .
In those experiments designed to determine whether infection produced damage to DNA that would stimulate repair replication, the medium was replaced 5 h after infection by a medium containing FdUrd (2 × IO-6M) and [6H]-BrdUrd (2o/zCi/ml, 1-66 × IO-~M). In experiments examining repair replication, the cells were washed and irradiated with u.v. light at a dose of 18oo ergs/mm 2 at 5 h after infection. The details of the irradiation procedure have been described (Hand & Tamm, I97I) . The cells were then fed with medium I5 -3 Short communications containing FdUrd and [ZH]-BrdUrd in the same concentrations as above and hydroxyurea (2 x io-ZM) was also added. Hydroxyurea inhibits semiconservative DNA replication without inhibiting repair replication (Kapp & Smith, I97I; Cleaver, I969b) .
In both types of experiments, incubation with [3H]-BrdUrd was continued for 2 h. The cells were then lysed and the DNA extracted as described by Cleaver (I969b) . HeLa cell DNA labelled with [l~C]-dThd was added as a normal density marker. The DNA was centrifuged to equilibrium in 55"5 ~o (w/w) caesium chloride at 3o ooo rev/min in an SW 56 Ti rotor for 6o to 64 h. Each gradient contained DNA derived from approximately 5 × Io 5 cells. The radioactivity in a 25/zl sample of each fraction was determined by liquid scintillation counting. The fractions from each gradient containing DNA of normal density were pooled and recentrifuged under similar conditions.
In all experiments, replicate, infected or uninfected cultures not treated with BrdUrd and FdUrd were pulsed for 15 min with [3H]-dThd (I.O/zCi/ml) 6 h after infection to determine the rate of semiconservative DNA synthesis. The incorporation of dThd reflects accurately the amount of semiconservative DNA replication occurring in infected cells (Ensminger & Tamm, I97ob) .
Experiments with puromycin were done in a similar manner. HeLa cells were treated with either 2o #g/ml or 2oo #g/ml of puromycin for 2 h in the presence of FdUrd and unlabelled BrdUrd. Puromycin at the same concentrations was present in the medium during the pulse with [~H]-BrdUrd. Replicate cultures not treated with BrdUrd and FdUrd were used to determine the rate of DNA synthesis at the midpoint of the [ZH]-BrdUrd pulse. Three hours of inhibition of protein synthesis causes a marked reduction in cellular DNA synthesis (Ensminger & Tamm, I97oa ) .
Unirradiated cells infected with either mengovirus or Newcastle disease virus incorporated [3H]-BrdUrd into DNA of hybrid density (Fig. I a, b, c) . Little or no radioactivity was seen in the region of the gradient where normal density HeLa cell DNA sedimented. Recentrifuging the normal density fractions from the initial gradient showed that the few counts present in this region were from [3HI incorporated into hybrid density DNA. At the midpoint of the [aH]-BrdUrd pulse, semiconservative DNA synthesis in mengovirus infected cells was Io.I ~o of that in uninfected cells and in Newcastle disease virus-infected cells, it was 2H ~ of that in uninfected cells. These data show that neither virus damages DNA in such a way as to stimulate repair replication.
Infected cells irradiated with u.v. light showed gradient profiles characteristic of repair replication ( Fig. I d, e, f) . When the fractions containing DNA of normal density were pooled and rebanded, the gradients showed single peaks co-sedimenting with marker DNA. In mengovirus-infected cells, DNA synthesis was I5"5 ~ of that in uninfected cells; in Newcastle disease virus-infected cells, it was 28-4 ~ of that in uninfected cells at the midpoint of the [*H]-BrdUrd pulse. Repair replication occurs in virus-infected cells in spite of the severe reduction of semiconservative replication.
Puromycin-treated cells that were not irradiated synthesized DNA of hybrid density only ( Fig. 2a, b, c) . Recentrifuging the DNA of normal density showed that the few counts present in that region of the first gradient were in DNA of hybrid density. Semiconservative DNA synthesis was 22. 5 ~oo of controls in cells treated with 20 #g/ml of puromycin and I2"2 ~o of controls in cells treated with 200/zg]ml of puromycin. The data show that the cut-off of DNA synthesis produced by puromycin does not result in damage to DNA of the type that stimulates repair replication.
Cells irradiated with u.v. light after treatment with puromycin were able to perform repair replication ( Fig. 2d~ e, f) . Recentrifuging showed homogeneous peaks of normal density DNA. DNA synthesis was 4I'5 % of controls in cells treated with puromycin at 2o #g/ml and 28'6 % of controls in cells treated with 2oo #g/ml. The data show that the cut-off of semiconservative DNA synthesis produced by inhibition of protein synthesis was not accompanied by a parallel inhibition of repair replication.
To estimate the magnitude of repair replication, we determined specific activity of the repaired DNA (Cleaver, I97oa, b) . The experimental design was the same as described, except for a few minor modifications. The DNA from approximately 2 × lO 6 cells was placed in each gradient to ensure that a significant spectrophotometric reading could be obtained. No marker DNA was included in the gradients and the region of HeLa cell DNA (density: 1.696 g/cm3; Hodge & Scharff, I969) was identified by refractometry. After the initial sedimentation, the fractions containing DNA of normal density were pooled and I5-4 Left, control cells or cells exposed to puromycin were incubated with FdUrd and BrdUrd for 2 h and then with FdUrd and [~H]-BrdUrd for the subsequent 2 h. The concentrations were the same as those in the experiments in Fig. I. (a) Control cells, (b) cells treated with puromycin, zo #g/ml, (c) cells treated with puromycin 200 #g/ml. Right, control cells or cells exposed to puromycin were similarly incubated in the presence of FdUrd and BrdUrd for 2 h, but irradiated with u.v. light (i 800 ergs/mm 2) prior to incubation with recentrifuged. The fractions from the peak of DNA of density 1.696 g/cm 3 were pooled and dialysed to remove the caesium chloride. After determination of extinction of the DNA at 260 nm, radioactivity was determined by liquid scintillation counting. The results are presented in Table I . Virus-infected cells showed no inhibition of repair replication when semiconservative replication was inhibited. Inhibition of protein synthesis by puromycin also did not inhibit repair replication.
The data presented here show that repair replication of DNA is unaffected by infection with mengovirus or Newcastle disease virus or by treatment with puromycin. The inhibition of semiconservative DNA synthesis caused by these agents is probably mediated by their ability to inhibit cellular protein synthesis (Lark, ~969; Ensminger & Tamm, I97oa -Kielland, 1972) , it would seem to have little influence on repair in mammalian cells, at least under the conditions of our experiments. Earlier studies showed that inhibition of protein synthesis has no effect on unscheduled DNA synthesis in mammalian cells (Hand & Tamm, 1971 ; Cleaver, I969b) . Our new data also confirm the close association between unscheduled DNA synthesis and repair replication shown by Cleaver (I969b) and Painter & Cleaver (1969) . Current concepts of repair replication suggest that it involves excision of damaged regions by nucleases and replacement of the excised regions via polymerase and ligase actions (Pettijohn & Hanawalt, 1964; Cleaver, 1969 a) . In this type of synthesis, in mammalian cells, replication can occur outside S phase, and both template and primer for replication are supplied. Therefore, as far as the synthetic aspect of repair replication is concerned, rate of chain growth is the major determinant of rate of DNA synthesis, rather than rate of initiation or rate of entry of cells into S phase. (This is to be differentiated from the degradative aspects of repair, such as endonuclease and exonuclease action, which of course would be determinants of the overall rate of repair replication.) Rate of chain growth in semiconservative replication is decreased by exposure to puromycin (Hand & Tamm, I97Z) , while repair replication is not affected. This suggests that chain growth is controlled in a different fashion in these two types of replication. Stockdale & O'Neill (1972) have presented evidence that regulatory mechanisms for semiconservative DNA replication do not control repair replication in differentiated muscle cells from chick embryos. Thus it seems probable that different enzymes systems are involved in the two types of replication in eukaryotic cells as is the case in prokaryotic cells (De Lucia & Cairns, I969).
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